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Mitochondrial oxidation of nutrients is tightly regulated in response to the cellular environment and changes in energy demands. In vitro studies evaluating the mitochondrial capacity of oxidizing different substrates are important for understanding metabolic shifts in physiological adaptations and pathological conditions, but may be influenced by the nutrients present in the culture medium or by the utilization of endogenous stores. One such influence is exemplified by the Crabtree effect (the glucose-mediated inhibition of mitochondrial respiration) as most in vitro experiments are performed in glucose-containing media. Here, using high-resolution respirometry, we evaluated the oxidation of endogenous or exogenous substrates by cell lines harboring different metabolic profiles. We found that a 1-h deprivation of the main energetic nutrients is an appropriate strategy to abolish interference of endogenous or undesirable exogenous substrates with the cellular capacity of oxidizing specific substrates, namely glutamine, pyruvate, glucose, or palmitate, in mitochondria. This approach primed mitochondria to immediately increase their oxygen consumption after the addition of the exogenous nutrients. All starved cells could oxidize exogenous glutamine, whereas the capacity for oxidizing palmitate was limited to human hepatocarcinoma Huh7 cells and to C2C12 mouse myoblasts that differentiated into myotubes. In the presence of exogenous glucose, starvation decreased the Crabtree effect in Huh7 and C2C12 cells and abrogated it in mouse neuroblastoma N2A cells. Interestingly, the fact that the Crabtree effect was observed only for mitochon-drial basal respiration but not for the maximum respiratory capacity suggests it is not caused by a direct effect on the electron transport system. Nutrient availability elicits a series of adaptations that ensure the maintenance of cellular functions upon distinct environmental conditions. Energy and nutrient-sensing systems regulate these adaptations, controlling metabolic pathways, protein synthesis, autophagy, cell cycle progression, and mitochondrial biogenesis, morphology, and function (1) .
When starved of nutrients, cells need, at a certain point, to mobilize endogenous substrates to maintain their energy charge at safe levels. Another strategy is the induction of the autophagy pathway, a mechanism to mobilize fatty acids, amino acids, and sugars from distinct organelles for their use as energy supplies (2, 3) . One of the determinants of the mitochondrial substrate immediate preference is the differential assembly of mitochondrial supercomplexes (4) , which are supramolecular structures formed by the association of the electron transport system (ETS) 4 complexes. The formation of the supercomplexes increases the efficiency of ATP generation independently of mitochondrial biogenesis and de novo synthesis of the respiratory complexes (5) . In a normal cellular context, all of these adaptations are tightly regulated in response to the cellular environment (growth factors, nutrient availability, etc.) and endogenous energy demand (1, 6) . However, in some pathological conditions, such as cancer (7) and viral infection (8) , these regulatory mechanisms are bypassed, and cells may change the preference for oxidizing specific energetic substrates despite the nutrient availability, deviating from normal metabolic routes. This ultimately may result in the impairment of cellular functions and/or damage to the organism. Until now, the understanding of the molecular mechanisms involved in reprogramming the ETS capacity for using determined meta-bolic fuels has been restricted due to methodological limitations caused by the influence of the nutrients already present in the culture medium. One example is the glucose-mediated inhibition of mitochondrial respiration, or the Crabtree effect, as most in vitro experiments are carried out in media containing glucose.
Regulatory phenomena of carbohydrate metabolism, such as the Pasteur, Warburg, and Crabtree effects, although mechanistically quite different from each other, share as a common outcome the reciprocal regulation of glycolytic and oxidative metabolisms. The Pasteur effect is well characterized in microorganisms such as yeasts and functions in the repression of fermentation in aerobic conditions (9) . The Warburg effect is related to a long-term metabolic reprogramming that involves gene expression events. In this case, there is a switch to the glycolytic over the oxidative metabolism as is commonly observed in cancer cells (10) . In comparison with the Warburg effect, the Crabtree effect is characterized as an immediate and reversible event, consisting in the suppression of respiration in the presence of glucose. Despite its description almost a century ago by Herbert Grace Crabtree (11) , the mechanisms that mediate this phenomenon are still unknown (12) .
Cellular respiration has been extensively studied in isolated mitochondria and permeabilized cells where the operation of mitochondrial complexes can be evaluated by addition of substrates that are directly metabolized in mitochondria, such as ADP, glutamate, malate, succinate, acylcarnitine, and others (13, 14) . However, this approach bypasses the context of the entire cell and does not take into account overall cellular metabolism in terms of protein regulation/signaling. If it is of interest to study metabolism at a higher level, the recommended approach would involve the use of intact cells. In this regard, there are few studies that explore in detail the mitochondrial oxidation of individual substrates in intact cells. Consequently, the experimental design to address this issue still needs to be established depending on the scientific question being asked. In the present study, it was shown that short-term deprivation of the main energetic nutrients is a useful strategy to evaluate metabolic shifts in vitro using intact cells. We found that this procedure depletes most endogenous substrates in three different cell lines, allowing the evaluation of the effects of exogenous substrates on oxygen consumption rates (OCRs). We also explored the contribution of endogenous substrates to respiratory rates of non-starved and starved cells. Our findings suggest that the Crabtree effect is decreased in cells subjected to short-term starvation, which is possibly associated with the inhibition of the mitochondrial oxidation of glutamine. In summary, in addition to contributing to a better understanding of the Crabtree effect, our results presented here also pave the way for future investigations of the metabolic switches in pathological situations.
Results

1-h starvation makes the cells responsive to a specific oxidative substrate
The first goal of this work was to evaluate the capacity of cells harboring distinct metabolic profiles, namely the N2A mouse neuroblastoma, C2C12 mouse myoblast, and Huh7 human hepatocarcinoma cell lines, to oxidize different substrates. For this, we analyzed the impact of adding an exogenous substrate to intact cells. Cells were resuspended in a culture medium in which the serum and main nutrients (glucose, pyruvate, and glutamine) were absent (DMEM-A). Fig. 1A shows representative OCR curves of Huh7 cells to which glutamine was reintroduced after the basal OCR was recorded in DMEM-A. Surprisingly, we did not observe a considerable increase in OCR after glutamine addition (see Fig. 1A , black line). This led us to speculate whether the cells maintained in complete medium would keep large amounts of endogenous substrates, which were sufficient to sustain the basal respiratory rates, thus hindering an increase in OCR related to the use of the added substrate. In order to circumvent this limitation, whether subjecting the cells to short-term deprivation of the main oxidative nutrients (1-or 2 h-incubation in DMEM-A) would make them responsive to the addition of a specific substrate was tested. We found that Huh7 cells starved for 1 h displayed lower basal respiratory rates when compared with non-starved cells (see Fig. 1A , gray line). After reintroduction of glutamine in the medium, in contrast to non-starved cells, the respiratory rates of starved cells significantly increased, restoring the OCR values observed for non-starved cells (Fig. 1B) . These data suggest that short-term starvation would be a proper approach to evaluate the impact of a specific substrate in cellular oxidative metabolism.
To further explore the respiratory profile in different conditions, we analyzed OCR after addition of typical modulators of the respiratory machinery. Oligomycin is an inhibitor of ATP synthase that allows determination of the oxygen consumption related to the proton leak through the mitochondrial inner membrane (uncoupled respiration). Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) disrupts the proton gradient, forcing the mitochondrial complexes to work in a maximal electron transport capacity (maximal respiration). Rotenone and antimycin are inhibitors of complexes I and III, respectively, which function in impairing electron transport through the respiratory chain, revealing the residual oxygen consumption (Rox). This represents the non-ETS contribution in OCR, including non-mitochondrial oxygen consumption and that performed by other mitochondrial processes (for instance by the activity of mitochondrial oxidases). The results showed that 1-h starvation affected neither the uncoupled, maximal mitochondrial respiration, nor Rox rates ( Fig. 1B) . Comparing the three different cell types, it was found that 1-h starvation was enough to significantly reduce the coupled respiratory rates (oxygen consumption rate associated to ATP synthesis, calculated by subtracting the uncoupled respiration from the basal OCR) in all cell lines tested (Fig. 1C ). After glutamine addition, Huh7 and C2C12 cells were able to restore the coupled respiratory rates even when subjected to 2-h starvation (Fig. 1D ). Conversely, N2A cells were much more sensitive to starvation, showing a reduced capacity to restore respiratory rates after 1-h starvation/restimulation and a significant impairment in OCR after 2 h of starvation. Based on these results, 1-h starvation was the condition chosen for subsequent assays. To mitigate the possibility that traces of amino acids present in DMEM-A could interfere in the analyses, we per-
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formed a similar experiment (starvation/restimulation with glutamine) using the balanced saline solution Krebs-Henseleit buffer instead of DMEM-A. Although the respiratory rates of N2A, C2C12, and Huh7 cells were slightly lower in Krebs-Henseleit buffer when compared with DMEM-Astarved cells, we observed the same response profile upon starvation and glutamine reintroduction in both conditions (not shown). This indicated that the other components of DMEM-A, including traces of amino acids, were not signifi-cantly used as oxidative substrates by the cells. So, starvation with DMEM-A allow cells to respond to substrate reintroduction similarly to cells grown in the complete absence of substrates (saline solution). We next explored whether 1-h starvation would induce other cellular adaptations in addition to the observed changes in mitochondrial respiration. Regarding the nutrient-sensing pathways, the results showed that mechanistic target of rapamycin (mTOR) pathway was down-regulated in Huh7, N2A, and C2C12 cells after 1-h starvation as Figure 1 . Effects of short-term nutrient deprivation on Huh7, N2A, and C2C12 cells. A, representative respirometry experiment using Huh7 cells subjected or not to 1-h starvation (Stv or Non-Stv, respectively) followed by reintroduction of 2.5 mM glutamine in the culture medium during OCR recording. After OCR stabilization, the following ETS modulators were added: 250 nM oligomycin to measure uncoupled respiration, sequential additions of FCCP to achieve maximum respiration (at 1 mM), and 0.5 mM rotenone and 3.65 M antimycin (RϩA) to determine Rox rates. B, OCR recordings of non-starved or starved Huh7 cells in DMEM-A in the following conditions: basal respiration, after addition of 2.5 mM glutamine (ϩGln), after inhibition of ATP synthase with oligomycin (uncoupled respiration (Uncoup.), upon titration with FCCP (maximum respiration (Max)), and after inhibition of the respiratory complexes with antimycin and rotenone (Rox). C, coupled respiration (basal respiration minus uncoupled respiration values) of Huh7, C2C12, and N2A cells subjected to 1-and 2-h starvation. D, coupled respiration after glutamine reintroduction to non-starved, 1-, or 2-h-starved Huh7, N2A, or C2C12 cell suspensions. E, immunodetection by Western blotting of P-S6, p62, LC3I, LC3II (the cleaved form of LC3I), and ␤-actin in Huh7, N2A, and C2C12 cell lysates in non-starved (NS) and starved (S) conditions. The position of the molecular weight markers are indicated on the left, and the standard deviations of the differences between non-starved and starved conditions are shown below the ␤-actin blotting. The lower panels show the -fold change observed for the densitometric quantification of the bands between starved and non-starved conditions for p62, LC3II, and P-S6. F, relative mRNA expression of the mitochondrial gene ND1 between starved and non-starved Huh7, N2A, and C2C12 cells. G, relative activity of citrate synthase between starved and non-starved Huh7, N2A, and C2C12 cells. H, relative quantification of mitochondrial DNA between starved and non-starved Huh7 cells. For each graph, individual data points are represented with symbols. Error bars represent mean Ϯ S.D., and asterisks indicate significant differences between non-starved and starved conditions for each cell line: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
shown by the decrease in phosphorylation of the ribosomal protein S6, a downstream effector of this pathway ( Fig. 1E ). Additionally, 1-h starvation did not induce autophagy in Huh7 and C2C12 cells but did in N2A cells as assessed by an increase in microtubule-associated protein 1A/1B light chain 3 II (LC3II) in this condition. This result is expected for neuronal cells as these cells typically do not store large amounts of substrates and as a consequence are more prone to suffer from lack of nutrients. Although a decrease in p62 levels has been observed in starved C2C12 cells, this event without the concomitant elevation of LC3II levels does not support the induction of autophagy in these cells. To evaluate whether starvation altered mitochondrial content in Huh7, N2A, and C2C12 cells, we measured the expression of the mitochondrial gene NADH:ubiquinone oxidoreductase core subunit 1 (ND1) and the activity of the mitochondrial enzyme citrate synthase. Neither N2A nor C2C12 cells displayed any change in either parameter. However, Huh7 cells showed increased expression of the ND1 gene, whereas citrate synthase activity decreased after 1-h starvation (Fig. 1, F and G) . To further explore these contradictory results, we compared the relative amount of mitochondrial DNA between non-starved and starved conditions by quantitative PCR. The results showed that 1-h starvation did not induce mitochondrial biogenesis (Fig. 1H ). Taken together, the results indicate that 1-h starvation elicits adaptations only in hepatic cells in terms of mitochondrial gene expression and enzymatic activity, suggesting that these cells are more prone to change mitochondrial metabolism in a condition of nutrient deprivation. In summary, the results show that, despite some differences among Huh7, N2A, and C2C12 cells, short-term (1-h) deprivation of the main oxidative nutrients makes cells prone to instantly respond to the reintroduction of a substrate, allowing OCR measurements related specifically to the added substrate.
1-h starvation depletes endogenous substrates in Huh7, N2A, and C2C12 cells without affecting cell viability
To assess the effect of 1-h starvation on the consumption of endogenous substrates, Huh7, N2A, and C2C12 cells were treated with 2-deoxy-D-glucose (2DG), which inhibits the glycolytic pathway by competing with glucose as the substrate of hexokinase; bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2yl)ethyl sulfide (BPTES), a selective inhibitor of isoform 1 of glutaminase (GLS1) (15), or etomoxir, an inhibitor of carnitine palmitoyltransferase I involved in the transport of fatty acyl-CoA into the mitochondrial matrix. Using these inhibitors, we evaluated the oxidation of endogenous glucose (or glycogen), glutamine, or palmitate (or triacylglycerols), respectively, in terms of OCR (Fig. 2 ). The respiratory rates of non-starved Huh7 cells decreased 44% in the presence of 2DG, whereas no significant changes in OCR were observed for starved cells, After stabilization of the signal, OCR was recorded, and cells were treated with oligomycin for measurement of uncoupled OCR, which was used to calculate the coupled OCR. B, overlay of two representative respirometry experiments with starved Huh7 cells in DMEM-A. In the experiment shown with the black line, after basal respiration was recorded, etomoxir was added to the cells followed by the reintroduction of 2.5 mM glutamine and subsequent oligomycin addition. In the experiment shown with the gray line, after basal respiration was recorded, 2.5 mM glutamine was added to the cells followed by sequential addition of 200 M etomoxir and oligomycin. C, same experiment as described in A except that the cells were N2A cells. D, same experiment as described in A except that the cells were C2C12 cells. For each graph, individual data points are represented with symbols. Error bars represent mean Ϯ S.D. of three to five independent experiments, and asterisks indicate significant differences between non-treated coupled OCR and coupled OCR upon addition of the inhibitors: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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indicating the exhaustion of available glucose stocks after 1-h starvation ( Fig. 2A ). When Huh7 cells were incubated with etomoxir, OCR inhibition reached 70% for non-starved cells and, in a lesser extent, this was also observed after 1-h starvation, with 57% inhibition of OCR after etomoxir addition. This result is expected for hepatic cell lines, which usually accumulate large amounts of lipids in intracellular lipid droplets. However, to ensure the specificity of etomoxir in inhibiting only fatty acid oxidation, we tested whether etomoxir affected glutamine oxidation ( Fig. 2B ). Addition of glutamine to cells previously treated with etomoxir restores the OCR values to those observed for cells treated first with glutamine and then with etomoxir. This demonstrated that etomoxir does act as a specific inhibitor of fatty acid oxidation. Because of the lack of selective chemical inhibitors for GLS2, the isoform of glutaminase expressed in hepatocytes, it was not possible to determine the contribution of oxidation of endogenous glutamine in Huh7 cells. In the case of non-starved N2A cells, 2DG caused 41% OCR inhibition, whereas etomoxir and BPTES promoted 63 and 28% OCR inhibition, respectively ( Fig. 2C ). Starved N2A cells had no significant change in respiratory rates upon addition of 2DG and BPTES, indicating the exhaustion of the available glucose and glutamine stocks after 1-h starvation. Fatty acids were most likely still present and available in these cells as etomoxir promoted a significant decrease in respiratory rates, which almost reached the value of the uncoupled respiration. For non-starved C2C12 cells, BPTES had no significant effect on respiratory rates but promoted a 28% decrease in respiration of starved cells, indicating that endogenous glutamine is mobilized upon starvation but not when the cells are supplemented with this nutrient (Fig. 2D ). Glycolysis inhibition led to a 37% decrease in OCR of non-starved C2C12 cells, whereas no changes were found for starved cells, suggesting that glucose/ glycogen is the main endogenous substrate consumed during starvation in C2C12 myoblasts. For all cell lines tested, palmitate was shown to be the main substrate oxidized in mitochondria even in non-starved cells, responsible for 65% of coupled mitochondrial respiration. Conversely, in starved cells, the coupled OCR associated to fatty acid oxidation represented 57% for Huh7, 82% for N2A, and 70% for C2C12 cells. To eliminate the possibility that starvation causes cell death, cellular viability was evaluated, showing no significant changes between starved and non-starved cells for Huh7 (89.4 Ϯ 4.4 -89.7 Ϯ 3.9; mean Ϯ S.D.), N2A (89.0 Ϯ 4.6 -87.3 Ϯ 4.2) and C2C12 cells (95.6 Ϯ 2.9 -93.2 Ϯ 3.3). Taken together, these results showed that cells depend primarily on oxidation of endogenous fatty acids, whereas glucose stocks are nearly depleted after 1-h starvation. In addition, glutamine plays a minor role as an endogenous substrate in all three cell lines tested.
1-h starvation allows measuring the mitochondrial oxidation of specific substrates by Huh7, N2A, and C2C12 cells
When non-starved Huh7, N2A, and C2C12 cells were incubated with exogenous glutamine or pyruvate, we could detect a slight but not significant increase in coupled OCR (Fig. 3A) . Conversely, starved cells displayed a large increase in OCR upon exogenous addition of glutamine or pyruvate with the exception of starved-C2C12 cells, which did not show signifi-cant alteration in the OCR after addition of pyruvate but did with glutamine. Regarding the maximum respiration ( Fig. 3B) , Huh7 cells followed the same profile observed for basal coupled respiration when glucose, glutamine, or pyruvate was used as the exogenous substrate. This indicates that starvation does not affect the capacity of the cells to oxidize these substrates. In the case of N2A cells, the highest respiratory rates were achieved in the presence of glucose and pyruvate. In addition, the maximum OCR in the presence of glutamine was similar to that in the absence of substrates, suggesting that the mitochondrial oxidative machinery of N2A cells is not engaged to oxidize glutamine efficiently. Alternatively, starved and non-starved C2C12 cells are fully able to oxidize glutamine. However, both N2A and C2C12 cells showed a reduction in the maximum capacity of oxidizing pyruvate after starvation, but this limitation was not observed for coupled OCR, which represents the physiological condition. The oxidation of exogenous glucose by the cells was shown to be a more complex phenomenon, which will be explored in more detail in the next section.
The oxidation of exogenous palmitate by Huh7, N2A, and C2C12 cells is shown separately due to the need of adapting the protocol for measuring OCR with this substrate. In this case, the cells were preincubated for 1 h in DMEM-A supplemented with either 0.5 mM carnitine, 200 M palmitate conjugated with BSA, or BSA with 0.5 mM carnitine as control. This procedure was shown to increase the use of palmitate by Huh7 cells when compared with cells without the preincubation step (not shown). It is important to note here that during the preincubation period, cells are restricted from other substrates, such as glucose, glutamine, and pyruvate. Because undifferentiated C2C12 myoblasts are not good representatives of highly oxidative muscle cells, which are known to oxidize fatty acids efficiently, we decided to include differentiated C2C12 myotubes in this assay. At first glance, the results obtained for coupled respiration showed that only C2C12 myotubes were able to significantly oxidize exogenous palmitate (Fig. 3C ). However, by analyzing the experiments separately, we observed that in each independent assay using Huh7 cells the presence of palmitate induced an increase in the basal respiration. To identify small variations in OCR that are observed in each experiment but are masked when the averages are calculated, we analyzed the results in terms of relative change in coupled OCR comparing cells incubated with BSA alone with those incubated with palmitate-BSA. This analysis revealed that Huh7 cells and differentiated C2C12 myotubes increased their coupled OCR by 32 and 28%, respectively, in presence of palmitate-BSA when compared with BSA alone. However, no changes were found for N2A and C2C12 myoblasts (Fig. 3D) , indicating that only the Huh7 cells and C2C12 myotubes were able to oxidize exogenous palmitate when it is the only substrate provided. Another factor that contributes to the higher variation observed in these experiments is the uncoupling effect of palmitate, which is largely known to occur (16 -18) . Indeed, the palmitate uncoupling effect was statistically significant in Huh7 and C2C12 myoblasts (Fig. 3E ). It is important to mention that we did not detect any difference in uncoupled OCR when other substrates were used (not shown). Additionally, the palmitate-induced increase in OCR cannot be compared with the results obtained for the other substrates because the molar palmitate concentrations used were much lower (200 M compared with 10 mM pyruvate or 2.5 mM glutamine) as higher palmitate concentrations are known to cause lipotoxicity (19) .
Thus, these results show that 1-h starvation caused the depletion of endogenous substrates, allowing the determination of OCR associated specifically with the use of an exogenous substrate. This occurred without changes in cellular viability and respiratory function as each cell type still retained the capacity of oxidizing the substrate provided as much as nonstarved cells in almost all the cases studied.
Starvation reduces the Crabtree effect in Huh7 and C2C12 cells and abolishes it in N2A cells
Glucose metabolism needed to be evaluated more carefully because of the Crabtree effect, the inhibition of mitochondrial res-piration triggered by glucose, which is a complex process of which little is known. Thus, here we deeply explored the mitochondrial oxidation of glucose, taking into account the potential occurrence of the Crabtree effect. First, we analyzed the glycolytic activity of Huh7, N2A, and C2C12 cell lines by assessing lactate secretion in the absence or presence of antimycin, an inhibitor of complex III that blocks mitochondrial respiration, thus forcing the cells to their maximum glycolytic capacity. The three cell lines presented a moderate glycolytic activity that was enhanced by cell incubation with antimycin, and among them, N2A showed the highest glycolytic capacity (Fig. 4A) , which is expected for neuroblasts. Interestingly, we could not detect lactate secretion during 1-h starvation for all cell lines tested (not shown). This result may be explained by a shift from lactate production to pyruvate consumption or by the depletion of glucose stocks during starvation.
The Crabtree effect could be clearly observed in Huh7, N2A, and C2C12 cells with a significant inhibition of respiration after 
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glucose addition (Fig. 4, B and C) . Remarkably, after 1-h starvation, the Crabtree effect was reduced in Huh7 and C2C12 cells and completely abolished in N2A. In this case, addition of 5 mM glucose to starved cells promoted an increase in mitochondrial OCR instead of an inhibition (Fig. 4C) . Interestingly, both for non-starved and starved conditions, the Crabtree effect was not seen when maximum OCR was measured (Fig. 4D ). This was evident in Huh7 and N2A cells but also occurred for C2C12 cells. In the presence of glucose, the maximum respiration in C2C12 cells was similar to that observed in its absence (Fig. 4D) . To further investigate the Crabtree effect in our models, we evaluated whether glucose-induced inhibition of mitochondrial respiration would be reversed by subsequent addition of a substrate that each cell type oxidizes with the highest capacity, namely glutamine for Huh7 and pyruvate for N2A ( Fig. 5) . Interestingly, we found that, in the presence of glucose, the mitochondrial oxidation of glutamine, but not of pyruvate, is inhibited. Again, the Crabtree effect was not observed in conditions of maximum respiration because, even in the presence of glucose, Huh7 cells achieved an OCR similar to that obtained in the presence of glutamine alone (compare with Fig. 3B) . A possible explanation for this result is that the Crabtree effect may specifically involve the glutamine utilization pathway in mitochondria.
Discussion
One of the main limitations of evaluating the capacity of a cell to oxidize a given substrate in vitro is the influence of the nutrients already present in the culture medium. This may limit the ability to ascertain the molecular mechanisms involved in the switch among metabolic fuels during adaptation to physiological situations as well as under pathological conditions. Here we Figure 4 . The Crabtree effect is reduced in starved cells and is not seen in maximal respiration conditions. A, secreted lactate measured in culture medium of cells incubated for 1 h in serum-free medium in the absence or presence of 3.65 M antimycin as indicated. B, representative oxygraph experiment using Huh7 cells to which increasing amounts of glucose (arrows indicate glucose additions, and the numbers correspond to the final concentrations after each addition in millimolar) were added. C, differences in OCR before and after glucose addition (to a final concentration of 5 mM) for non-starved and starved Huh7, N2A, and C2C12 cells. D, maximum respiration measured for non-starved (Non-Stv) and starved (Stv) cells in the absence of exogenous substrates (None; white bars) or presence of 5 mM glucose (Gluc; black bars). For each graph, individual data points are represented with symbols. Error bars represent mean Ϯ S.D. of three to five independent experiments, and asterisks indicate significant differences between non-starved and starved conditions or between coupled OCR without substrates and coupled OCR calculated after reintroduction of glucose: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. developed a method to evaluate mitochondrial oxidation of endogenous and exogenous substrates by subjecting the cells to short-term complete deprivation of oxidative nutrients. We applied this procedure to cell lines harboring different metabolic profiles. The results showed that this can be a strategy to compare the cell's capacity of using specific substrates in different cellular contexts.
Traditional methods used to measure the oxidation of substrates in mitochondria are based on tracing isotopically labeled oxidative substrates by quantifying, for example, radiolabeled CO 2 produced in the tricarboxylic acid cycle (20 -22) . This experimental approach, however, provides limited information about mitochondrial function itself. In this regard, respirometry is more informative. With the use of drugs that modulate ETS operation, in a typical respirometry experiment it is possible to discriminate oxygen consumption associated with ATP synthesis (coupled respiration) from that resulting from proton leak, reactive oxygen species production, or other cellular processes (for instance, activity of cellular oxidases). Also, the determination of maximum respiratory rates provides clues about the integrity of ETS and its maximum operating capacity. Furthermore, using the experimental procedure described here (depletion of endogenous substrates followed by the addition of a single substrate), we found that the maximum respiration can provide information about the capacity of ETS for oxidizing a specific substrate. Interestingly, the findings presented here show that this parameter depends on the substrate and varies among different cell types, suggesting that each cell is more capable of using some substrates more than others. Another advantage of respirometry over other methods can be exemplified by the detection of the uncoupling effect of palmitate (16 -18) , which was detected in our experiments but cannot be observed by using isotopically labeled tracers. It is also important to highlight that if one intends to quantify the amount of a given substrate being used in a determined condition, tracing isotopically labeled substrates in the presence of all other nutrients, under physiological concentrations, would be a more suitable approach. Here, however, determining the capacity of cells to oxidize a determined substrate without the interference of other substrates was successfully achieved using respirometric measurements after short-term starvation.
The effects of the 1-h starvation procedure described here can be summarized as (a) the reduction of basal coupled OCR without loss of cellular viability or the capacity to restore nonstarved OCR levels upon reintroduction of substrates (especially glutamine but also pyruvate to a lesser extent) and (b) the decrease in oxidation of endogenous stocks of glucose with an increased percentage of OCR associated with oxidation of endogenous fatty acids. In addition, we demonstrated for the first time that the inhibition of OCR by glucose, the Crabtree effect, is reduced in starved cells. It is important to mention that these cellular changes seem to be made more likely by interference in the immediate mitochondrial behavior and cell signaling (such as the decrease in phosphorylation of the ribosomal protein S6 observed here), which can be easily reversed, and most likely does not impact the cellular phenotype.
One can starve cells in different ways: depriving serum, subtracting specific nutrients, and isolating primary cells from fasted animals. All forms of nutrient deprivation were shown to induce metabolic changes in the cells mostly related to increasing the capacity of mitochondrial oxidative metabolism. For instance, in the human glioblastoma cell line U251, 24 -72-h serum deprivation induced the up-regulation of the synthesis of mitochondrial proteins and promoted cell metabolic reprogramming from glycolytic to oxidative metabolism (23) . In an in vivo study, liver cells of 24-h-fasted mice showed an increased oxidative phosphorylation activity, an effect mediated by the NAD ϩ -dependent deacetylase sirtuin 3, a mitochondrial sensor of nutrients (24) . Another work demonstrated that 72-h deprivation of amino acids increased maximum OCR in HEK cells (25) . Here we demonstrated that short-term starvation does not increase the basal or maximum respiratory capacity of cells, but it is important to note that in our experiments cells were starved for only 1 h, whereas in all other stud- Figure 5 . Glucose inhibits the oxidation of glutamine but not of pyruvate. Starved Huh7 or N2A cells were loaded in oxygraph chambers, and after basal respiration was recorded, cells were maintained without any exogenous substrate (Ϫ; white bars) or incubated with 5 mM glucose (Gluc) (dark gray bars); a substrate that cells have high capacity to use, 2.5 mM glutamine (Gln) for Huh7 or 10 mM pyruvate (Pyr) for N2A (black bars); or 5 mM glucose followed by the chosen substrate (light gray bars). After stabilization of the signal, OCR was recorded, and cells were treated with oligomycin for measurement of uncoupled OCR and FCCP for measurement of the maximal respiration. A, coupled OCR of Huh7 or N2A cells as indicated in the figure. B, maximum respiration achieved in the same experiments. For each graph, individual data points are represented with symbols. Error bars represent mean Ϯ S.D. of four to five independent experiments, and asterisks show significant differences between coupled OCR without substrates and coupled OCR calculated after reintroduction of substrates: *, p Ͻ 0.05; **, p Ͻ 0.01.
Mitochondrial oxidation of specific substrates
ies the effects of starvation were evaluated after much longer periods (from 24 to 72 h). Thus, our experimental conditions would be considered as acute starvation and probably do not promote significant alterations in protein expression and in other long-term processes. Another difference is that in the cited studies cells were subjected to mild starvation, whereas here we performed the experiments in harsher conditions in which practically all oxidative nutrients were removed.
The use of cell lines as model systems to recapitulate specific metabolic phenotypes can be limited, especially because they often carry genetic alterations that commonly induce shifts in their metabolic profiles. In this sense, our findings also provide some clues about the validity of the cell lines chosen here as models for metabolic studies. The N2A cell line was established in 1969 from a spontaneous brain tumor found in an albino mouse (26) . These cells were shown to display many features found in the original tissue, such as the capacity to form synaptic contacts (27) , presence of glutamate receptors and excitable membrane (28) , expression of specific functional neuron enzymes (29) , and ability to differentiate into neurons (30) . Neurons characteristically are highly metabolically active cells that present poor capacity for nutrient storage (31) . Here we observed that this is also true for N2A cells because they were much more sensitive to the effects of nutrient deprivation than Huh7 and C2C12 cells with autophagy being induced after 1-h starvation in N2A but not in the other cells. Additionally, we found that N2A cells showed a high capacity of oxidizing pyruvate in accordance with the known neuronal utilization of astrocyte-derived pyruvate, which rescues cells from harmful drops in energy charge (32, 33) . Regarding glutamine metabolism, it is known that neurons can largely use this amino acid to synthesize the neurotransmitters glutamate and ␥-aminobutyric acid (GABA) (34) , explaining our observations that N2A cells have limited capacity of oxidizing glutamine in mitochondria compared with other substrates. In addition, among the cells lines tested, N2A displayed the highest glycolytic capacity, which is a typical feature of neuron cells. Therefore, N2A cells responded to nutrient deprivation and mitochondrial oxidation of substrates as expected for neuronal cells, validating this cell line as a good model for studying neuronal metabolic adaptations. C2C12 cells, which are committed to myogenesis to become multinucleated myotubes in culture under low-serum growth medium, are phenotypically assigned as proliferating myoblasts (35, 36) . In contrast to N2A and Huh7 cells, C2C12 was the only cell line able to mobilize glutamine upon starvation, which is in accordance with the typical high protein content profile of muscle cells, a possible source of amino acids that can be used to supply the energetic demand in conditions of low nutrient availability. It is known that undifferentiated C2C12 cells are metabolically different from C2C12 myotubes, which are highly oxidative, reaching respiratory rates 4-fold higher than those of C2C12 myoblasts (37) . In agreement with this, here we showed that C2C12 myoblasts are not able to oxidize exogenous palmitate, but after differentiation, the resulting myotubes acquire this ability as expected for muscle cells. Finally, the Huh7 hepatocarcinoma cell line is largely used as a model for studying drug toxicity (38 -40) as these cells express and modulate functional cytochrome P450 and several other specific hepatic genes involved in drug metabolization. In addition, this cell line shows several other liver-related activities, such as the synthesis of lipoproteins, plasma proteins, and others (41) (42) (43) . Huh7 cells are also a reliable model for studying hepatic viral infection, sustaining infection of hepatotropic viruses, such as hepatitis C virus (44) and dengue virus (45) . Here we showed that Huh7 cells were able to oxidize exogenous palmitate, a characteristic feature of hepatocytes. Indeed, these cells have been used for studying lipid metabolism in different contexts (46 -48) and seem to be a good model for this purpose. Thus, the observed differences in respirometric behavior among the cell lines tested here validate our method as a reliable approach for studying metabolic adaptations.
Our findings also have important implications for shedding light on the mechanisms involved in the Crabtree effect, which is still not well understood. Our results clearly demonstrated that glucose does not inhibit mitochondrial maximum OCR, suggesting that the Crabtree effect does not depend on the direct inhibition of complex I-IV of the mitochondrial ETS, but we do not discard the involvement of ATP synthase. Maximum respiration corresponds to the capacity of the mitochondrial respiratory complexes to carry electrons but bypasses the contribution of ATP synthase as the presence of FCCP allows protons to cross the inner mitochondrial membrane from the intermembrane space to the matrix independently of ATP synthase activity. In addition, in our experiments, ATP synthase was inhibited with oligomycin before determination of maximum respiration. In agreement with our results, many of the current hypotheses that try to explain the Crabtree effect suggest that it is directly or indirectly related to the coupled respiration. For instance, the lack of ADP availability or changes in phosphate potential in mitochondria are considered causative events of the Crabtree effect (12) . Another hypothesis suggests that glucose induces an increase in the Ca 2ϩ intake into mitochondria, which would in turn inhibit ATP synthase (12, 49) . Conversely, the hypothesis that the glycolytic intermediate fructose 1,6-bisphosphate mediates the Crabtree effect by inhibiting mitochondrial complexes III and IV (50) is not supported by the findings presented here because it implies that the Crabtree effect would also be seen when the maximum respiration is measured. We do not exclude the possibility that fructose 1,6-bisphosphate may inhibit mitochondrial complexes III and IV in isolated mitochondria, but our data show that this is unlikely to happen in intact cells, at least for those we tested.
An intriguing result is that the glucose-induced inhibition of mitochondrial respiration occurs when glutamine is the only substrate provided, but not in the case of pyruvate. In accordance with our results, the reciprocal regulation of mitochondrial oxidation of glucose and glutamine has already been described using 14 C-labeled substrates (22) . One possibility is that glucose impairs the transport of glutamine into mitochondria, which does not occur during starvation due to reduced utilization of available glutamine (and other substrates) in this condition. In this regard, uncoupling protein 2, a member of the mitochondrial anion carrier protein family, harbors a mild uncoupling activity and other metabolic functions which harbors a mild uncoupling activity and other metabolic functions still not completely established, was recently shown to regulate Mitochondrial oxidation of specific substrates the transport of substrates into mitochondria, enhancing glutaminolysis and limiting mitochondrial oxidation of acetyl-CoA-producing substrates, in a manner similar to glucose (51, 52) . The role of uncoupling protein 2 in mediating the Crabtree effect is an interesting possibility to be explored further. Considering the obvious importance of better understanding the effects of glucose in cellular metabolism, more efforts should be made to unravel the molecular mechanisms of the Crabtree effect, an open question that continues to persist almost one century since its discovery.
Experimental procedures
Cell culture
Cells were cultivated in the following media: Huh7 cells in DMEM, N2A cells in ␣-minimum essential medium, and C2C12 cells in DMEM-high glucose, all supplemented with 10% fetal bovine serum (complete medium) in the presence of the antibiotics penicillin (100 units/ml) and streptomycin (60 g/ml) in a humidified incubator at 37°C and 5% CO 2 . For starvation, cells were washed in phosphate-buffered saline (PBS) and incubated in DMEM-A supplemented with 2.4 g/liter sodium bicarbonate and 2 g/liter HEPES in a humidified incubator at 37°C and 5% CO 2 for the periods indicated in each experiment.
Viability assays
Cell viability was determined using Muse Count and Viability Assay kit (Millipore, catalog number MCH100102) in a Muse Cell Analyzer.
BSA conjugation with palmitate
Preparation of BSA-conjugated palmitate was performed as described by the protocol developed by Seahorse Bioscience Inc. (North Billerica, MA) (53) .
Oxygraphy in intact cells
Approximately two million non-starved or starved cells in DMEM-A were charged in OROBOROS Oxygraph-2k chambers. After stabilization of the signal, basal OCR was recorded, and cells were incubated or not (endogenous OCR) with different substrates as indicated in each experiment. Then cells were treated with 250 nM oligomycin, and uncoupled OCR was recorded followed by titration with FCCP for determination of their maximum respiratory capacity. For determination of nonmitochondrial OCR, at the end of the experiment cells were treated with rotenone (0.5 mM) alone or rotenone plus antimycin (3.65 M) to inhibit mitochondrial respiratory complexes I and III, respectively. Coupled OCR was calculated by subtracting uncoupled from basal OCR. Non-mitochondrial OCR was subtracted from all data before being used in the analyses. We did not detect significant differences in cell viability before and after the experiments.
Western blotting
Cells were washed with cold PBS and subjected to lysis in buffer A (20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA,1% Triton X-100, 10% glycerol, 1 mM PMSF, 2 g/ml aprotinin, 2 g/ml pepstatin A, and 2 g/ml leupeptin, pH 7.3-7.4). Cell debris was removed by centrifugation, and proteins were subjected to SDS-PAGE/Western blotting with the following antibodies: phosphorylated p70 S6K (Thr-389) (catalog number 9206, Cell Signaling Technology), total p70 S6K (catalog number 2708, Cell Signaling Technology), phosphorylated S6 (P-S6) (Ser-240/244) (catalog number 2215, Cell Signaling Technology), total S6 (catalog number 2317, Cell Signaling Technology), LC3 (catalog number 3868, Cell Signaling Technology), p62 (catalog number ab56416, Abcam), and ␣-tubulin (catalog number sc-23498, Santa Cruz Biotechnology). Immunoreactive signals were visualized by enhanced chemiluminescence using SuperSignal chemiluminescent substrate (Life Technologies) with a UVITEC imaging system. The quantification of bands was done using Alliance software.
Quantitative PCR
Total RNA was extracted from the cells using an Illustra RNAspin Mini kit (GE Healthcare). Reverse transcription (RT) was carried out with 2 g of total RNA using Superscript III reverse transcriptase (Invitrogen), and extraction of mitochondrial and genomic DNA was performed with DNAzol reagent (Thermo Fisher). For quantitative PCR, expression levels were determined in triplicate in a StepOne Plus System using SYBR Green PCR Master Mix (Applied Biosystems). mRNA data were normalized to ribosomal protein L19 expression, and mitochondrial DNA data were normalized to genomic DNA through amplification of a fragment of the triose-phosphate isomerase gene. For each reaction, primer efficiencies were calculated using LinRegPCR software (version 12.17), and relative quantitation was obtained according to Pfaffl (54) . Reactions were performed with the following specific primers for human or mouse sequences: Mus musculus mitochondrial ND1, 5Ј-AACCCTAGCAGAAACAAACCG-3Ј (forward) and 5Ј-CCG-GCTGCGTATTCTACGTT-3Ј (reverse); M. musculus RPL19, 5Ј-CTCGTGTCTGTACATAGCGG-3Ј (forward) and 5Ј-CTAAACAAGAGGGCAACAGACAA-3Ј (reverse); human mitochondrial ND1 TCAACCTACGCCCTGATCGG-3Ј (forward) and 5Ј-GGAGAGGTTAAAGGAGCCACT-3Ј (reverse); human RPL19, 5Ј-TGGGCTGATCATCCGCAAGCC-3Ј (forward) and 5Ј-CCCATGTGCCTGCCCTTCCG-3Ј (reverse); and human triose-phosphate isomerase, 5Ј-GAAGGTTGTT-TTCGAGCAGACA-3Ј (forward) and 5Ј-ATGGCCCACACA-GGCTCATA-3Ј (reverse).
Quantification of lactate in conditioned medium
Lactate measurement was performed by enzymatic assay in hydrazine/glycine buffer as described previously (55, 56) . Data were normalized by protein content.
Citrate synthase activity
Citrate synthase activity was measured in reaction medium containing 5,5Ј-dithiobis(2-nitrobenzoic acid), acetyl coenzyme A, and cell lysate as described previously (57) .
Statistical analyses
Bar graphs with two columns were analyzed with paired Student's t test, and bar graphs with three or more columns
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were analyzed by one-way analysis of variance followed by Bonferroni's multiple comparison post-test. All graphics and statistical analyses were performed using GraphPad Prism 5 software (version 5.01).
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